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RESEARCH MEMORANDUM

THE FEFFECTS OF A MODIFIED ROLL-COMMAND SYSTEM ON THE
FLIGHT-PATH STABILITY AND TRACKING ACCURACY
OF AN AUTOMATIC INTERCEPTOR

By Williem C. Triplett
SUMMARY

In order to improve the tracking characterlistics of an sutomsatic
interceptor, a revised roll-command computer was tested both on an analog
computer and in flight. This report presents flight-test results which
Indicate a significant improvement in flight-path stability and tracking
accuracy. The modlfled roll compubter was designed on the hasis of previous
anelytical studies.

INTRODUCTION

The NACA has been conducting a genersl investigation of automatic
interceptor systems with perticulasr emphasls on problems affecting flighb-
path stebility end trackling accuracy during the final attack phase. This
progrem has involved both £light tests and analog simulstion studies of
a typical interceptor system. Flight tests have proved extremely useful
not only for verification of anelytic work but also In uncovering problem
areas where the dnalog facllities can be put toc best use. In this manner
it is possible to isolate basic problems and to study various means for
alleviating system deflciencies.

References 1 and 2 glve the results of the initial phases of this
program and are concerned primerily with the dynemlc response of the readasr
aentenns, and. 1ts effect on over-all sysbtem performance.

The present report describes a series of flight tests in which a
modified roll-command system was used. This system was developed on the
basis of analytical studles reported in reference 3. - The present report
compares system responses obtained with the modified and with the normsl
roll computer and also shows how the problems assoclated with anternns
dynamics are influenced by the roll-control system.
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NOTATTON

Ag antenna angle in szlmuth, deg

Aj, fx acceleration commands in azimuth and elevation, respectively, g

Argy desired normal acceleration, g

Ap resultant acceleration, NA;=+Ax®, &

Ay normal acceleration (positive downward), g
Ea antenna angle in elevation, deg

P interceptor rolling wvelocity, radians/sec
R target range, ft

53, Sx steering signals in azimuth and elevation, respectively, yd/sec

8 operator, é%

T time-to-go umtil Impact, sec

t tinme, sec

P - interceptor bank angle, deg

Pe bank-angle error, radians (except_as noted)

Sy horizontal stabllizer angle, deg

Bg, alleron angle, deg

1 engle thet defines the direction of AR from the vertical

TEST EQUIPMENT

The interceptor used in the tests 1s an F-86D airplane (fig. 1) with
an E-l Pire-control system and & Hughes developed automatic atteck coupler
(CSTI). The complete system is described in reference 1; however, per-
tinent details of the attack coupler are repested in the following

paragraphs. : -

al-
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A Dblock dlagrem of the atbtack coupler 1s shown In figure 2. The
steering signals S 3 and S, are converted to acceleration commends by

the proportionality factor K;. The desired normal acceleratlon is then
expressed as

ALD = QAp+cos @

vwhere cos ¢ 1s the grevity component in g unlts and the roll commsnd
to the sileron servo as

_ Qhy*-sin o-Kpp
| Qe [+1

Pe

When AT—‘D exceeds a preset maximum allowable value, the gain Q

of a palr of variable gain emplifiers is automstically reduced until ALD
1s within the desired 1limits. Thus when Ay 1s less than 1ts 1limit

velue, @ 1is 1.0; but when ATm exceeds the limit, @ is effectively
equal to

AII -Co8 @

N

The same gain reduction takes place in the azimuth channel to preserve
the coordination between bank angle and normel acceleration.

For the present investigation the dividing network was modified so
that : ’ .

_ QA4'-sin @-Kpp

* logl+ fang 1

Pe

The flight instrumentation was the same as described in reference 1.
TEST PROCEDURES

The flight tests consisted of 90° lead-collision beam attacks agalnst e
an F-84F target equipped with radar reflectors to make its reflection
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characteristics more typical of a bomber-type alirplane. Attacks were
Initlated with various Initial steering errors 1n szlmuth. All flights
were made at an altitude of 30,000 feet with the target and interceptor
initially at a Mach number of 0.8.

ANALYSIS

Because the relatlion between azimuth steering error and desired bank
angle is not linear, the command to the aileron servo must be modified
in some fashion to prevent excessive roll commends (and even instability)
in the presence of large azimuth steering errors and still retain rapid
response to small errors. One of the most direct approaches, as discussed
in reference 3, is to compute the instantaneous bank-angle error for use
as 8 roll-rate command. The analysis of reference 3 1s repeated briefly
in the followling paragraphs with application to the particular interceptor
system in question. '

The following sketch is a projection of the alming point in a plane
normal to the flight path of the lnterceptor. Superimposed on the sketch

® Aiming point

Interceptor
Y AINC /
5/

is an acceleration diagram. The bank-angle error ¢, can be expressed
in terms of the bank angle ¢ and the acceleration commends Ay, and Aj.

In order for the resultant acceleration vector of the interceptor
to be directed toward the aiming point, the interceptor should roll
through an additional angle Pe ‘and develop a normsl acceleration equal

to ALD. From the sketch it can be seen that
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A,~sin As;-sin
Q. = tan~1 -————'j i = gin~% ————'j s (l)
€ Myetcos @ Arq

where

Arp =J(IJ'5m P)= + (Agtcos 9)®

As expressed in equation (1), o e 18 a true indication at any instant of
the bank-angle error, and Pe is zero whenever Aj = sin o. '

In the baslc system the roll-rate command is essentlally & small
angle approximation to the arc tangent function in which cos ¢ was
replaced by 1. Furthermore, to prevent the denominstor from passing
through zero, the absoclute megnitude of Ayp was used. Thus P, vas
mechanized as

_ As;-sin @
T ®

This expression may be Interpreted also as an gpproximation to the arc
sine function 1f Ay and @ are both small. In any event, the term |Ag[+1

acts as & varlable gain to reduce the sensitlvity of the roll channel
as Ax 1s lncreased.

Although this type of roll control sgppeared to be adequate under
most conditions, previous anslog-computer studles Indiceted thet a more
efflclent system could be obtained by making the gain a functlon of AJ

as well as Ax. Thls cen he accomplished directly by using the arc sine
function of equation (1) as a modifying network, However s 1t was foumd
that en approximstion for Ary OF the form [As+[&k[+1 would produce the

desired results and would be much easier to mechanize. Thus, the modify-
Ing network as proposed In reference 3 and used in the present tests is
the following small angle spproximation to the arc sine function:

Aj-sin @
| s |+ |24 ]+2

Figure 3, in which ¢, computed by equations (2) end (3) is plobted
egainst the true bank-angle error as defined by the previous skebch,
demonstretes the relatlve merit of the two types of roll computers. Here
the interceptor bank angle 1s zero so that Ax = Ay cos 1 and Ay = Ag sin 7.

The curves are drawn for vericus values of AR Pfrom 1g to infinity. With

—

Pe (3)
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the normal system for a large value of Aj (a true bank-angle error of
about 90°), the computed Pc» and hence the commanded roll rate, can
become extremely large. This means that to prevent an oscillatory
regsponse with excesslve roll rates the gain through the alleron channel
must be reduced to the polnt where the system response to small errors
becomes sluggish. With the modified system, however, the computed Pe
will not exceed 1 radien and 1s relatively lnsensitive to the magnitude
of the azlmuth error. In thils case galin can be adjusted to give a desir-
able maximum roll rate wilithout compromising the response to small error
slgnals. e

TEST RESULTS

The anslysls presented in the previous section 1ls greatly ldealized
and can be used only as a gulde in Judging the limitations of a particular
configuration. In order to show how the roll response is Influenced by
the dynemics of the system and also to select proper gain levels, the
complete system was examined on the analog computer. The simulation pro-
cedures were the same as described in reference 1, and the results showed
that with the modified roll commsnd & significant improvement in flight-
path staebility could be obtained without sacrificing speed of response.

Because of the limited ceapacity of the analog equipment certaln
simplifying assumptions had to be made. Furthermore it was not feaslble
to include rader nolse or certain nonlinearities such as saturation,
hysteresis, and backlash that occur at various places in the system.

Thus 1t was felt that actual fillight tests were required to give a fair
appralsal of the modified roll computer and also to assess the importance
of the factors thet hed been neglected in the simulation.

The results of these flight tests are presented In the followlng
paragraphs and are compsared with data previously obtalned with the normal
system. In general, the flight tests Indicaeted the same sort of improve-
ment in system response that was noted on the analog computer; however,
because of the difficulties in establishing precise initial conditions in
flight, only qualitative caomparisons could be made.

The effectiveness of the modified roll system is most pronounced
under conditions of short lock-on range and large azimuth steering errors.
Figure 4(a) is a f£light record of the normel system under such conditions
in which the target was engaged at about 15,000 feet. The time history
shows the characteristic oscillations in roll and normal acceleration
that generally accompany a negative antenna elevation angle (ref. 1).

The response of the modified system under similar flight conditlions
1s illustrated in figure 4(b). It can be seen that the flight path is
generally more stable with little tendency to osclllate. In general,
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wlth the roll gain adjusted to gilve an _adequately fast response, peak
roll rates rarely exceeded 1.5 radiens per second. This is in contrast
to roll rates of 3 radians per second thet were sometimes encountered

in the normsl system and which were objectionsgble to the pilot. For
exsmple, flgure 5 illustrates a case of this type. Even though lock-pn
was at a falrly long range and the steering errors were not excessively
large 3 the interceptor received a sharp roll command which resulted in

& 180° roli at a maximum rate of almost 3 redlans per second. The inter-
cepbtor subsequently lost radaxr contact with the target. Whille this phe-
nomenon wes not common and msy be related to system miselinement, 1t did
hgppen on seversl occasions during the test program. The effectlve roll-
rate limiting provided by the modified roll command successfully prevents
a meneuver of thls type.

One further example of the modified system is glven in figure 6.
Again lock-on was at short range (18 ,000 f£t) with en azimuth error large
enough to require the interceptor to meke a maximm g Hturn. It should
be noted that there is no tendency to oscillate and the steering errors
are driven %o zero at the time of firing. No compareble records for the
normal system are avallable because attacks under such extreme conditions
generally resulted In & losgs of rader contact with the target.

The test results show that the modified roll-command system 1s also
beneficial for the less severe attack situstions which msy be more typical
of normsal operation. Figures T(a) and T(b), for example, illustrate a
palr of long-range beam attacks (lock-on at 8 or 10 miles) with small
Initial steering errors. In both cases the lnterceptor is essentially
on course during the major portion of the attack and, hence, very little
megneuvering ls required. In a comparison of the two figures it is evi-
dent that with the modified system the steering signels are more stable.
Furthermore, the response In roll and normsl scceleration is less
osclllatory, and peak roll rates are lower.

Reference 2 showed that the same sort of lmprovements could be
attained by minimizing the interaction between antenna and interceptor
motions, that is, lmproving the space stabilizstlon of the redar antenns.
The present investlgetion, however, indicates that a greater lmprovement
in this regard can be obtalined by modifying the roll command. When the
radar modification was tested in conjunction with the revised roll computer,
the results differed very little from those shown in figure T(b).

Since the over-all stabllity and tracking efficiency of the system
is reflected 1n the steering error signals, the following teble has heen
prepared to give a quantliative comparison of the relative effectiveness
of the various configurations tested. The table presents, for a number
of attacks, average values of the standard deviatlons of the steering
slgnels during phases IT and IIT. TIn each case the attack was initiated
at sufficlently long range so that Initilal steering errors were corrected
before the start of phase IT. The table gives reletlve values of S,j and Sy



8 SO NACA RM A5TL1ls

in phase IT and Sy 1n phase ITII. Because no significance should be
attached to the actual values, these have been normalized with respect
to the azimuth error SJ for the normal system in phase II.

Wumber| Phase II |Phase IIT

Automatic of
runs SJ Sk Sy
Normal CSTI ' 31 1.00}10.72 0.33

With modified radar antenna| 13 .T91 .55 .23
With modified roll commend | 1k L2l .29 .22
With both modifications 15 251 .25 .22

The first two rows of the table are taken from reference 2 and
indicste the degree of improvement obtained by isolating the antenns from
interceptor motions. This modification results in*smoother steering sig-
nals and, hence, a more stable filight path. In general, this leads to
smaller elevetion errors at the start of phase ITT and greater terminal
accuracy.

The third row of the teble indicates, however, that a greater
improvement was obtained with the modified roll computer. The restricted
peak roll rates and reduced tendency to oscillate alleviated the major
source of antenna Interaction, and the net result was smoother steering
signals during the entire attack.

Finally, the last row indicates the degree of improvement that was
obtained by combining both modifications. It can be noted that there is
no appreclable difference in phase III. '

CONCLUDING REMARKS

Flight tests of an automatlc Interceptor system have been made %o
check the effectiveness of a roll-command system proposed on the basis
of analog-computer studies. The tests indicated a marked ilmprovement
in stability and tracking accuracy. Furthermore, the modified system
provides effective roll-rate limiting which tends to alleviate the effects
of coupling between interceptor and antenns motions end also to eliminate
the violent rolling maneuvers that were sometimes encountered with the

basic system.

Ames Aeronautlical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Dec. 11, 1957

-



NACA RM ASTL1la J:.

REFERENCES

1. Triplett, William C., Mclean, John D., and White, John S.: The
Influence of Imperfect Radar Space Stablilizetion on the Final
Attack Phase of an Automatic Interceptor System. NACA RM AS56K19,

1957.

2. Triplett, William C., and Hom, Francis W. K.: Flight Tests of an
Auvtomatic Interceptor System With a Tracking Radar Modifled to
Minimize the Interaction Between Antenns and Interceptor Motions.

NACA RM A5TD0O9, 1957.

3. Triplett, William C.: Conslderations Involved in the Design of a
Roll-Angle Computer for e Bank-to-Turn Interceptor. NACA
RM A55D18a, 1955.



10

NACA RM A5TL1la



LA

Ii

R LR &

BLTILGY WE VOVN

Porsamerrwhapbtied
—

k ; ' :
L A, N
"y e | ’ | 4 Co S BRI
oo i ; o o
S A : : i R i
| ; : o :
' B [ ot |
! ; ! . : ¥
oot ! ] : o : |
1 : . . . . .

A-21021

Figure 1l.- Photograph of test alrplane.



A;
Ay Elevator | 8u
servo
Airplane
| P¢ | Aileron | 2o
|QAK|+| servo
K
Ax sin ¢ P
p

Figure 2,- Block dlagram of autcmatic sttack coupler.

BTTLLGY WH VOVN




NACA RM AS5TL1la

240
200
160
120
g, 80
-5~ < \ \ 0]
b5 5
2 .0 / N\ . N
A=l N \g
0
(a) Normel system.
80
40 /<5\\
Q\
o Ag = \§
(0] 40 80 120 160 200

True bank angle error, deg

(b) Modified system.

Figure 3.- Computed versus true bank-angle error.
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Figure 4.~ Flight-time history of beam attack with short lock-on. range.
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Figure 6.- Flight-time history of modified system.
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Figure T.- Time history of beam attack.
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